miRNAs are endogenous noncoding RNAs that regulate the translation of target genes. Together with Argonaute proteins, miRNAs form the RNA-induced silencing complex, which suppresses mRNAs by both inhibiting translation and accelerating degradation 1 . Targeting is largely determined by complementation of a 6-8-nucleotide seed sequence with the 3′ untranslated region (UTR) of the mRNA 2 . Single miRNAs can downregulate hundreds of transcripts simultaneously [3] [4] [5] [6] [7] . The functional importance of this extensive parallel co-inhibition of gene networks, although the subject of much speculation, remains largely unexplored experimentally. Functional studies generally focus on the regulation a small number of target genes known to be involved in a biological process of interest 8 . Frequently, knockdown of these individual targets recapitulates the phenotype of overexpressing the miRNA itself, leading to the 'dominant target' hypothesis. However, as a miRNA's many mRNA targets had been presumably evolutionarily selected to be co-regulated, a systematic dissection of these targets is likely to uncover a network of genes that function together rather than alone.
The evolutionary history of miRNAs suggests they have major roles in promoting specific cell fates in complex organisms 9, 10 . We set out to functionally characterize the miRNA-mRNA interactions that promote the pluripotent cell fate using the assay of directed dedifferentiation, also called reprogramming. During reprogramming, somatic cells are de-differentiated into iPSCs via overexpression of defined transcription factors 11 . Reprogramming consists of two phases: initiation and maturation 12, 13 . We chose to map functional miRNA-mRNA interactions in this system for three reasons. First, although several studies have dissected various aspects of the maturation phase, little is known about the early initiation phase when most reprogramming events are aborted [12] [13] [14] . Second, at least one family of miRNAs, the embryonic stem cell-enriched cell-cycle regulating (ESCC) miRNAs, including miR-302 and miR-294, potently regulates this transition [15] [16] [17] [18] [19] [20] [21] [22] [23] . Indeed, ESCC miRNAs alone, or in combination with other miRNAs, have been shown to drive reprogramming in the absence of other reprogramming factors 18, 19, 23 . Thus, miRNA-mRNA interactions during reprogramming should offer insight into the mechanisms of this transition. Finally, we hypothesized that through mapping functional miRNA-mRNA interactions, we would identify networks of cooperating genes that could be manipulated with combinations of small molecules to enhance this transition.
RESULTS

ESCC and miR-181 miRNA families enhance OSK-induced reprogramming
We screened 570 chemically synthesized mature mouse miRNAs (mimics) for their ability to promote OSK-induced reprogramming of mouse embryonic fibroblasts (MEFs). Although many combinations of reprogramming factors now exist, OSK-induced reprogramming offered two distinct advantages. First, OSK is the most frequently reported core set of required reprogramming factors, with Myc (here referred to as cMyc) being both dispensable and possessing transformative properties 24, 25 . Second, OSK reprograms with consistent but low efficiency, resulting in a sensitive assay for identification of barriers to this transition. Indeed, the reprogramming-enhancing properties of miR-302 had been first discovered using this strategy 15 . We first infected MEFs possessing an Oct4-GFP transgene with OSK-expressing retroviruses and then transfected individual wells with miRNA mimics on days 1 and 7 after infection 26 (Fig. 1a) . The mimics functioned for 6 d after transfection as determined by a GFP-based reporter of miRNA activity (Supplementary Fig. 1 ). Therefore, serially transfected mimics should function throughout reprogramming. We compared the Figure 1 A genome-wide screen identifies known and unknown miRNA enhancers of OSK-induced reprogramming. (a) Schematic of screen for miRNA enhancers of OSK-induced reprogramming, and duration of mimic activity ( Supplementary Fig. 1 ). (b) Results of biological duplicate genome-wide screens for miRNA mimics that enhance OSK-induced reprogramming. Data points represent SSMD between the number of Oct4-GFP + colonies on day 16 in the presence of an exogenous miRNA mimic compared to 16 mock transfections per plate (orange dots). Significance was defined as strong (SSMD > 2), moderate (SSMD > 1) or weak (SSMD < 1). Large dots represent SSMD > 2 in at least one experiment with purple being strong in both experiments and green being strong in one and moderate in a second experiment. All hits with SSMD >2 in at least one experiment are listed in Supplementary Table 1a .
(c) miRNA mimics transfected at days 1 and 7 to verify two miRNA families. Data represent number of day-16 Oct4-GFP + colonies from OSK-induced reprogramming supplemented with indicated miRNA, relative to OSK + nontargeting miRNA mimic (miRCon). Error bars, s.e.m. (n = 3 biological replicates). Replicates performed with separate preparations of virus and MEFs. *P < 0.05, **P < 0.005 by two-tailed Student's t-test. 32, 33 . The promoter of the Mir181c-Mir181d locus is bound by OCT4, SOX2 and NANOG 31 . Previously reported miRNA profiling experiments suggest dynamic regulation of the miR-181 family during reprogramming with OSK plus cMyc. In one data set, miR-181c and miR-181d are activated, but miR-181a and miR-181b are suppressed, as MEFs transition to iPSCs 31 . In a second report, miR-181a is activated then subsequently silenced in iPSCs 14 . We measured miR-181 family expression during the course of OSKinduced reprogramming. Reverse transcription-quantitative PCR (RT-qPCR) demonstrated an early induction of these miRNAs by OSK, which persisted throughout reprogramming, followed by silencing in iPSCs 34 (Fig. 2a) . To determine the robustness and timing of endogenous miRNA activity, we generated GFP-based miRNA activity reporters for the miR-181 and ESCC miRNA families as well as the let-7 family, which suppress reprogramming 32 ( Supplementary Fig. 1 ). The let-7 miRNAs are highly expressed in MEFs and not silenced until late in reprogramming, whereas ESCC miRNAs are absent in MEFs and not activated until late in reprogramming 14, 15, [30] [31] [32] . Consistent with the timing of their expression, the ESCC miRNA reporter was active ('miRNA activity low') and the let-7 reporter was silenced ('miRNA activity high') during early reprogramming (Fig. 2b) . In contrast, the miR-181 activity reporter was silenced shortly after introduction of OSK, reaching maximum suppression as early as 4 d, consistent with OSK-induced expression of miR-181 (Fig. 2b) . Inhibition of miR-181 with transfected inhibitors on days 1 and 5 after OSK infection reduced the number of day-16 Oct4-GFP + colonies by 50-60%, showing that OSK functions, in part, through activation of endogenous miR-181 (Fig. 2c) .
ESCC and miR-181 miRNAs promote the initiation phase
Previous studies have established at least two distinct phases of reprogramming by OSK plus cMyc 12, 13 . Completion of the initiation phase is marked by a successful mesenchymal-to-epithelial transition but is otherwise poorly understood. Cells then enter the maturation phase, which has been characterized as a serial activation of the pluripotency hierarchy of transcription factors 13 . In OSK-induced reprogramming, a subpopulation of MEFs entered the maturation phase around day 8, as marked by the downregulation of Snai2 (also known as Slug) and the activation of Cdh1 and Dnmt3l 12 ( Fig. 3a-c) . The early activation and subsequent silencing of miR-181 suggests it functions during initiation. Similarly, the observation that ectopic introduction of ESCC miRNAs alone can induce reprogramming, indicates that these miRNAs can independently initiate reprogramming 23 .
To evaluate when in reprogramming these miRNAs have their greatest effect, we conducted a time course of single transfections. Populations of reprogramming cells are highly heterogeneous, and most cells do not complete the initiation phase 13, 14 . Therefore, miRNA mimics transiently transfected on day 1 affect MEFs in initiation phase, npg r e s o u r c e whereas those transfected on day 9 affect a mixed population of cells both in initiation and in maturation phases (Fig. 3d) . Introduction of miR-294 (an ESCC miRNA) and miR-181 on day 1 resulted in greater enhancement of colony formation, as compared to introduction at later time points (Fig. 3e) , suggesting that both miRNA families largely promote reprogramming during the initiation phase. Two additional lines of evidence are consistent with this conclusion. First, we separated day-8 OSK-infected MEFs into initiation (CDH1 − ) and postinitiation (CDH1 + ) populations using flow cytometry, and transfected each population with mimic. miR-294 and miR-181 enhanced the number of day-20 Oct4-GFP + colonies in the CDH1 − , but not the CDH1 + populations (Fig. 3f) . Second, we profiled gene expression 
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A t m N r 2 c 2 B c la npg r e s o u r c e on day 3 after OSK infection, 48 h after the addition of miR-294 or miR-181 (refs. 35, 36) . Of the 3,411 genes expressed significantly higher (P < 0.05) in iPSCs compared to MEFs, only 230 (6.7%) were upregulated 3 d after addition of OSK and control mimic (Fig. 3g) . Addition of miR-294 and miR-181 increased the number of upregulated iPSC-specific genes to 15.2% and 8.5%, respectively. Similarly, we found 3,754 genes with lower expression in iPSCs as compared to MEFs, of which 372 (9.9%) were downregulated by OSK and control mimic. Addition of miR-294 and miR-181 increased the set of iPSC-specific downregulated genes to 15.4% and 10.7%, respectively. Together these data show that ectopic miR-294 and miR-181 promote production of iPSCs by regulating early reprogramming and shift the transcriptional profile closer to that of fully reprogrammed iPSCs as early as day 3, well before activation of the earliest maturation markers. Effects of miR-294 and miR-181 were not synergistic, suggesting that these miRNA families with different seed sequences functionally converged downstream of their direct targets (Fig. 3h) .
Functional miRNA-mRNA interactions during reprogramming
We next dissected the mechanisms of reprogramming-enhancing miRNAs by knocking down individual targets. Previous attempts to define the mechanism of the ESCC miRNAs focused on a small number of targets selected based on expected roles in reprogramming 16, 17, 21, 23 . To take an unbiased approach, we generated a database of predicted targets for miR-294 and miR-181, based on relationships of inverse expression but not considering knowledge of function. We consolidated genes that previously had been verified to be downregulated at the protein or the mRNA level after overexpression of the miRNAs in various cell types 3, 32, [37] [38] [39] [40] [41] . We then retained genes that contained a predicted miRNA-binding site. For downregulated genes originally identified in human cells, we required this binding site to be conserved between human and mouse and have a high ranking context score (Targetscan, context score < -0.25) 42 . Finally, we required the genes to be expressed in MEFs, reprogramming MEFs, iPSCs or ESCs 32, 43 . This process resulted in sets of 1,079 and 58 genes for miR-294 and miR-181, respectively. We obtained pools of small interfering RNA (siRNA; Dharmacon) against all of the miR-181 targets (58 genes), the 5% most downregulated miR-294 targets (56 genes), and 54 random genes, with no overlapping genes (Supplementary Table 2 ). We transfected MEFs 1 d after OSK infection. At day 16 after infection, ten of the 56 miR-294 targets and 12 of the 58 miR-181 targets demonstrated significant increases in Oct4-GFP + colony formation relative to four independent nontargeting siRNA control pools (P < 0.01 (Student's t-test) and SSMD > 2 over three independent experiments; Fig. 4a and Supplementary Fig. 3 ). In contrast, only three of the random pools of siRNAs demonstrated similar effects. We verified siRNA knockdown by RT-qPCR (Fig. 4b) . To rule out off-target effects of siRNAs, we tested independent pools targeting distinct gene regions. The independent pools showed highly effective knockdown of corresponding genes (Fig. 4b) . Of the ten miR-294 targets identified in the original screen, we confirmed eight (Cdkn1a, Zfp148, Hivep2, Ddhd1, Dpysl2, Pten, Cfl2 and 9530068E07Rik) using the independent siRNA pools (Fig. 4c) . Similarly, we verified eight of the original 12 miR-181 targets (Bptf, Lin7c, Cpsf6, Nr2c2, Bclaf1, Nol8, Igf2bp2 and Marcks). In contrast, knockdown of only one of the randomly selected genes consistently enhanced reprogramming, Cdkn1a is an established miR-294 target 44 . To determine whether the other identified genes were direct targets, we cloned genespecific 3′ UTRs containing miRNA-binding sites into luciferase reporter constructs (Supplementary Fig. 4) . We also generated constructs containing mutated binding sites, and assayed both reporters for mimic-induced luciferase repression (Fig. 4d) . With the exception of Lin7c, the expected miRNAs inhibited translation of every wild-type, but not mutant, construct, indicative of direct miRNA targeting. We confirmed the suppression of the targets by the miRNAs in the context of OSK-induced reprogramming by RT-qPCR and western blots. For most targets, RT-qPCR showed decreased mRNA levels on day 3 of reprogramming, 48 h after transfection of the miRNA (Fig. 4e) . For the remaining five genes, antibodies to DPYSL2 and PTEN proteins were available, and western blot analyses revealed diminished protein levels after introduction of miRNA (Fig. 4f) . Inhibition of miR-181 during reprogramming caused a reciprocal upregulation of Nr2c2 and Marcks by day 3 after infection, demonstrating that these genes are targeted by OSK-activated endogenous miR-181 as well (Supplementary Fig. 5 ). Similar inhibition of the ESCC miRNAs did not upregulate expression of targets, consistent with the lack of endogenous ESCC miRNA activity during this time window (Supplementary Fig. 5 ). Together, these experiments identified 16 miRNA-regulated genes that are barriers to reprogramming.
During these experiments, we noted a consistent difference between miR-294 and miR-181-enhanced OSK-induced reprogramming. Whereas the day-16 Oct4-GFP + colonies in miR-181 conditions were generally the same size as colonies with control mimic, the miR-294 conditions yielded significantly larger colonies (P < 0.05 Student's t-test; Fig. 5a ). We also observed this divergence of phenotype with siRNAs against the miRNA targets; that is, miR-294-targeted genes increased both area and number of colonies whereas miR-181-targeted genes generally increased number (Fig. 5b) . Further analysis of the screen data revealed siRNAs against six additional miR-294 targets and three additional miR-181 targets that increased only colony area but not number (Fig. 4d and Fig. 5b) . The increase in colony number is consistent with an increase in the number of successful initiation of reprogramming events. In contrast, we hypothesized that colony size could reflect either the kinetics of reprogramming or the proliferation rate of reprogramming cells. To test these two possibilities, we transfected both established iPSCs lines and OSK-induced reprogramming MEFs with miR-294 or miR-181 and measured colony growth rate. Neither mimic altered partial or established iPSC colony growth rate (Fig. 5c,d) . In contrast, in both contexts, colony size was highly correlated with onset of colony appearance, supporting an interpretation of colony area as a surrogate measurement for the kinetics of reprogramming (Fig. 5e,f) . These data demonstrate that the frequency and rate of reprogramming initiation events are separable processes that can be independently altered by these miRNAs and their targets.
We next asked whether multiple miRNA-mRNA functional interactions could cooperate to additionally influence colony number and/or area during reprogramming. We screened siRNAs against targets of individual miRNAs for cooperative functionality by cotransfection of all pair-wise combinations on day 1 of OSK-induced reprogramming (Fig. 6a) . For both families, between 16% and 40% of potential relationships were cooperative between two cotargeted siRNAs but not between targeted siRNA and control siRNA (Fig. 6a,b) . In contrast, we detected very few disruptive relationships. Together, these data show that miR-294 and miR-181 act to enhance reprogramming through a network of cooperating miRNA-mRNA interactions.
Functional miRNA-regulated pathways during reprogramming
As miR-294 and miR-181 did not show significant cooperation with each other (P > 0.05 Student's t-test; Fig. 3h) , and had no identified overlapping targets in common, we reasoned that the two miRNA families might functionally converge on common signaling pathways or cellular processes. As our lists of functional target genes were too small to conduct pathway or cellular process enrichment analyses, we included high-scoring computationally predicted targets (Targetscan, context score < −0.25) (ref. 42) . Among the top signaling pathways and processes predicted to be targeted by both miRNAs were Cadherin, Wnt, p53 and TGF-β signaling, as well as apoptosis and cell-cycle regulation, each of which have been demonstrated to regulate reprogramming [45] [46] [47] [48] (Fig. 7a and Supplementary Fig. 6a,b) . We identified additional pathways and processes, including several that influence Akt signaling. To evaluate whether the miRNAs regulate the predicted downstream pathways in this biological context, we tested the influence of miR-294 or miR-181 on Akt, Wnt and TGF-β signaling during 
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Zfp148 Hivep2 Ddhd1 Figure 6 miRNA-targeted genes cooperate to reduce both frequency and rate of reprogramming. (a) Heat maps depicting screens for functional cooperation between siRNAs for colony number and area measuements. For any combination of two siRNA, day-16 Oct4-GFP colony number or area in wells containing both siRNA were compared to the set of wells containing only the single siRNAs or each individual siRNA in combination with control siRNA (siRCon) using SSMD. SSMD is indicated by color of box at intersection of two siRNA listed on axes. SSMD ≥ 1 (cooperative relationship) and SSMD ≤ -1 (disruptive relationship) are indicated by red and blue borders, respectively. Screens were performed in technical duplicate with independent wells and transfections. (b) Quantification of relationships in a. Bars indicate every potential relationship between siRNAs against two miR-294 (left) or miR-181 (right) targets (black bars) or between single siRNAs against targets and control siRNAs (purple bars). Blue shading highlights cooperative relationships (SSMD ≥ 1). Pink shading highlights disruptive relationships (SSMD ≤ -1). npg r e s o u r c e early reprogramming. MiR-294, but not miR-181, increased the ratio of IGF-activated phospho-AKT to total AKT on day 3 of reprogramming (Fig. 7b) . Both miRNAs activated Wnt signaling during reprogramming as measured by TopFlash activity and nuclear localization of β-catenin 49 (Fig. 7c,d) . Similarly, both miRNAs regulated TGF-β signaling as measured by decreased endogenous phosphorylated SMAD2 during OSK-induced reprogramming (Fig. 7e) . These data demonstrate that during reprogramming initiation the ESCC and miR-181 miRNA families converge on inhibition of TGF-β signaling and activation of Wnt signaling, and the ESCC miRNAs additionally activate Akt signaling.
The above data suggest that alternative means of manipulating the miRNA targeted genes or pathways, specifically during reprogramming initiation, could increase the overall efficiency of iPSC production. Prkaa1, Ddhd1, Cfl2, Pfn2 and Erap1 are interesting miR-294 targets as they demonstrate that directed manipulation of the metabolic circuit, cytoskeleton and endoplasmic reticulum can actively enhance reprogramming. Therefore, we supplemented early OSK-induced reprogramming with small molecule inhibitors to Prkaa1 (Compound C) and Erap1 (Bestatin), and found that both also enhanced production of iPSC colonies (Supplementary Fig. 6c ). We next focused on the identified signaling pathways. To manipulate Akt signaling, we expressed an inducible Akt fused to the hormone binding domain of murine estrogen receptor (Akt-ER). When additionally fused to a myristoylation sequence (M+), the expressed Akt is constitutively active in the presence of tamoxifen 50 . Active Akt enhanced colony formation, specifically when we administered tamoxifen during initiation of reprogramming (Supplementary Fig. 6d ). These data corroborate our observation that siRNA against Pten, which inhibits Akt activity (Fig. 7b ) also enhances reprogramming (Fig. 4c) , consistent with two recent reports 51, 52 . Likewise, recombinant WNT3A and a small-molecule inhibitor of TGFBRI (E-616452, 'RepSox'), both known enhancers of reprogramming, functioned during the initiation phase ( Supplementary  Fig. 6e,f) . Whereas Akt and Wnt activation both exclusively functioned during days 2-8, TGF-β inhibition functioned equally during both early and late time intervals. To test combinatorial effects of the pathways, we added M+Akt-ER plus tamoxifen, WNT3A and the TGFBRI inhibitor on days 2-8 of OSK-induced reprogramming. Increased Wnt and Akt signaling together did not further enhance colony formation, suggesting redundant or converging roles of these pathways (Fig. 7f) . Conversely, inhibition of TGF-β signaling cooperated with both activated Wnt and Akt signaling (Fig. 7f) . These data show that miR-294 and miR-181 have independent targets that enhance initiation of reprogramming but converge on a subset of signaling pathways.
DISCUSSION
In this study we identified two miRNA families, 25 miRNA-mRNA interactions, three miRNA coordinated pathways and two small molecules that regulate the initiation phase of reprogramming, and can be used to manipulate distinct processes during this transition. Ectopic npg r e s o u r c e introduction of the ESCC family is a well-established enhancer of reprogramming, although the endogenous loci expressing ESCC miRNAs are only activated late in the transition [15] [16] [17] [18] [19] [20] [21] [22] [23] . Here we uncovered miR-181 as an enhancer to reprogramming and showed that in contrast to the ESCC miRNAs, this family was activated shortly after the introduction of OSK and was not highly expressed in the final iPSC state. This transient expression is important for the reprogramming process, as knockdown of endogenous miR-181 suppressed iPSC formation. Endogenous miR-181 functions in part through the suppression of Nr2c2 and Marcks as the transcript levels of these targets were elevated after miR-181 knockdown and siRNAs to these targets enhanced iPSC formation. Regardless of the timing of endogenous OSK-induced expression, the ectopic introduction of both families suppressed many targets and had the greatest effect when added early in reprogramming. Overall, ectopically introduced miRNAs removed multiple barriers that inhibited the initiation phase of OSK-induced reprogramming. It should be noted that although extensive, our methods were not comprehensive, and other functional targets of ectopic or endogenous ESCC or miR-181 family miRNAs during reprogramming likely remain to be uncovered. The multiple functional targets we uncovered as barriers can be grouped into various cellular processes. Among these processes, cell cycle-senescence and apoptosis are previously identified barriers 20, 53 . Here we also identified cellular metabolism, membrane trafficking and actin dynamics as additional barriers. Previous studies had identified a shift in AMPK-regulated metabolic state between the starting fibroblast population and the final iPSC state that, if blocked, inhibited the transition 54 . However, it was unclear whether inducing this shift would aid in accelerating this transition. Our data, both using siRNAs and a small-molecule inhibitor strongly support this conclusion. Determining how membrane trafficking influences the transition will be an interesting endeavor for future studies. It has been shown that regulated membrane trafficking of collagen IV is critical in maintaining the ESC state without influencing the fibroblast state 55 . We propose this example is just the tip of the iceberg in terms of the interconnection between membrane trafficking and the switch in cell state. Similarly, actin and cytoskeletal dynamics in regulating cell state is likely to be an important and expansive area of research. For example, our finding that Cfl2 and Pfn2 are barriers to dedifferentiation suggests that inhibition of monomeric actin or the promotion of filamentous actin is critical in the fibroblast to iPSC transition.
Our results showed that many, if not most, of the barriers to dedifferentiation are during the initiation phase of reprogramming. Our analysis following iPSC colonies over time enabled the measurement of two distinct types of barriers to reprogramming: one influencing the number of successful reprogramming initiation events and the other the rate at which they occur. This separated the phenotypic consequences of target knockdown into three classes. One class predominantly reduced the total number of reprogramming events but had little effect on the size of colonies, likely reflecting no overall change in the kinetics of the assay. Among the genes found in this set were Cfl2, Bptf, Lin7c, Cpsf6, Nr2c2, Bclaf1, Nol8, Igf2bp2 and Marcks. Another set of genes suppressed the kinetics of colony formation but had a much smaller effect on colony number. This set included Pfn2, Erap1, Ankrd52, Prkaa1, Lats2, Zbtb41, Foxk1, Metap1 and Atm. Finally, there were a set of genes affecting both frequency and kinetics including Cdkn1a, Zfp148, Hivep2, Ddhd1, Dpysl2, Pten and 9530068E07Rik. The cellular basis for these different outcomes remains to be determined.
Our data showed that at least in the context in reprogramming, there was no 'dominant' target underlying an ectopically introduced miRNA's ability to promote cell-state transitions. Focusing on a large subset of targets of both the ESCC and miR-181 miRNA mimics, we found ~20% could in part explain the mechanism of each miRNA. Most published studies have focused on individual targets, often suggesting a dominant target underlies the effect of the miRNA, though it is established that an individual miRNA suppresses many targets simultaneously [3] [4] [5] [6] . The 'dominant target' model is based on the observation that knockdown or knockout of an individual target often completely recapitulates a miRNA overexpression phenotype. Indeed, we found many of the individual targets we tested largely recapitulated the capacity of the corresponding miRNAs to enhance reprogramming of fibroblasts to iPSCs. However, we could also see cooperative effects when targets were suppressed in pair-wise combinations. Therefore, that knockdown of many targets can have effects close to that of the miRNA likely reflects both a combination of redundant functions among targets as well as experimental artifact. In particular, experimentally induced knockdown is much greater than the suppression caused by the miRNA (typically less than a 50% diminishment of the target protein) 3, 4 . Although our studies are largely focused on ectopic introduction of miRNAs during an induced transition, endogenous miRNAs are also known to have multiple targets 3 . Therefore, the combinatorial effect of multiple cooperating targets, rather than of a few dominant targets, is unlikely to be unique to in vitro reprogramming but instead relevant to most instances of miRNA regulation.
Ectopic introduction of miRNAs can have remarkable impacts on cell-state transitions such as fibroblast dedifferentiation to iPSCs as well as the transdifferentiation of fibroblasts to neurons or cardiomyocytes [56] [57] [58] . However, genetic deletion of miRNAs largely has no dramatic effects in vivo under homeostatic conditions 59 . Therefore, it has been proposed that miRNAs are generally not required to establish or maintain cell states but rather stabilize cell states against random noise and environmental perturbations, through inhibition of stochastic and aberrant gene expression 60 . Initiation of reprogramming has been characterized by its highly stochastic gene expression 13 . Consistent with the robustness model for miRNA function, our expression data show that the ectopically introduced miRNAs function to 'focus' this early stochastic expression of genes toward patterns more similar to the iPSC profile, presumably by removing molecular barriers that would otherwise divert reprogramming cells away from the path to pluripotency (Fig. 7g) . It will be important to determine whether miRNAs will function similarly in other cellstate transitions.
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